O
ne defining property of hematopoietic stem cells (HSC) is low fluorescence after staining with fluorescent dyes such as rhodamine 123 (1) and Hoechst 33342 (Hoechst) (2) . A recently developed technique employing Hoechst staining of HSCs identifies a small fraction of bone marrow cells termed side population (SP) cells. SP cells are highly enriched for HSC activity and represent Ϸ0.05% of adult nucleated bone marrow cells in mice (3) . SP stem cells have also been identified in hematopoietic compartments of other species such as humans, rhesus monkeys, swine (4) (5) (6) , and in nonhematopoietic tissues such as skeletal muscle (7, 8) , brain (9) , and embryonic stem (ES) cells (10) . Based on the conserved SP phenotype in a wide variety of different types of stem cells, the molecule(s) that determine the SP phenotype are of interest as potentially novel stem cell markers, and may be conferring required functional properties.
Expression of Bcrp1 (mouse)͞ABCG2 (human) and͞or Mdr1a͞1b(mouse)͞MDR1(human), members of ATP binding cassette (ABC) transporter superfamily, has been implicated in the SP phenotype. Both ABCG2 and MDR1 are expressed in stem cells (10) (11) (12) (13) (14) , and enforced expression of either confers the SP phenotype in a variety of transduced cells (10) (11) (12) 15) . Moreover, enforced expression of either ABCG2 or MDR1 with retroviral vectors can have direct functional effects on murine stem cells in vivo; expression of ABCG2 blocked hematopoietic development (10) , whereas overexpression of MDR1 resulted in HSC expansion and a myeloproliferative disease (15, 16) . These results suggest that the conserved expression of these transporters in stem cells could reflect a required functional role.
We have demonstrated that Mdr1-type gene products are not required for the SP phenotype by showing that mice deficient for Mdr1a͞1b genes have normal numbers of SP cells in bone marrow (10) . These SP cells were shown to express Bcrp1 mRNA, which alone is sufficient to confer the SP phenotype in bone marrow cells. However, because both Mdr1a͞1b and Bcrp1 are coexpressed in stem cells, they both could provide a redundant function resulting in the SP phenotype. Alternatively, it is possible that Bcrp1 is the sole determinant of the SP phenotype in HSC, which would further justify using Bcrp1 expression as a stem cell purification marker. To distinguish between these two possibilities, and to test whether Bcrp1 gene expression had functional significance in stem cells, we generated Bcrp1 null mice and studied their HSC compartment. Generation of Bcrp1 Knockout Mice. A murine genomic DNA bacterial artificial chromosome library (Genome Systems, St. Louis) was screened with a partial Bcrp1 cDNA probe generated by RT-PCR based on the published sequence. A genomic clone containing the upstream portion of Bcrp1 gene was isolated and characterized. A ClaI-ClaI fragment from intron 2 and a MunIBglII fragment encompassing exons 5 and 6 were subcloned upstream and downstream of the pgk-neo cassette of the pKONTKV1901 vector (Stratagene), respectively, to generate the targeting vector. The resulting vector was linearized by NotI digestion and electroporated into 129͞Ola-derived E14 ES cells. Genomic DNA from clones that survived 8 days of G418 (350 g/ml) and Gancyclovir (2 M) selection were screened by Southern blot analysis with BamHI digestion using a 660-bp probe located downstream of the MunI-BglII fragment. The wild-type allele gave rise to a 6.7-kb band, whereas the targeted allele gave a 3.4-kb band because of the introduction of an extra BamHI site into the genome. Chimeric mice were generated by injection of a Bcrp1 ϩ/Ϫ ES clone into blastocyst of C57BL͞6 mice and reimplantation. Genetic transmission of the disrupted allele was screened for by Southern blot analysis of tail DNA. Our subsequent experiments and analyses were performed on 6-to 14-week-old mice with a mixed genetic background of 129͞Ola and C57BL͞6.
Methods
Bcrp1 Protein Detection. Immunoblot of cell membrane protein extracts from kidney and liver was performed using a polyclonal rabbit-anti-human ABCG2 antibody raised against a Walker A peptide. The ABCG2 antiserum was developed by immunization of rabbits with a keyhole lympet hemocyanin-conjugated 14-residue peptide (GKS SLL DVL AAR KD) that is conserved between mouse Bcrp1 and human ABCG2. The crude antiserum was purified over a peptide affinity column. Subsequent studies determined that this antibody detected ABCG2 in membranes from drug-selected MCF-7 cells overexpressing ABCG2 (kindly provided by Erasmus Schneider, Wadsworth Center, Albany, NY). The immunoreactive proteins were visualized with the enhanced chemiluminescence method (Amersham Pharmacia).
Hoechst and Antibody Staining for Flow Cytometry Analysis. Hoechst staining of bone marrow cells for SP cell analysis was done as described (3) , except that various concentrations of Hoechst were used. Typically, 4 ϫ 10 6 cells were stained in 4 ml of DMEMϩ medium for 90 min at 37°C. After Hoechst staining, all cells were resuspended into 100 l of Hanks' balanced salt solution (HBSS)ϩ medium and incubated with biotinylated Mouse Lineage Panel antibodies comprising CD3e, B220, Gr-1, Mac-1, and Ter119 (6 l each), together with FITC-conjugated c-Kit antibody (2B8) and phycoerythrin-conjugated Sca-1 antibody (E13-161.7) (3 l each) (all from PharMingen) for 20 min on ice. After washing, the cells were resuspended into 100 l HBSSϩ and incubated with 20 l of streptavidin͞allophycocya-nin (APC) (Becton Dickinson) for 20 min on ice, washed again, and resuspended into 0.5 ml HBSSϩ and kept on ice to be analyzed in a FACS-vantage flow cytometry (Becton Dickinson). SP gates were defined using wild-type bone marrow cells stained with 4.5 g/ml Hoechst, so that between 0.01 and 0.03% SP cells were in the gated region. These gates were then used to define SP cells from Bcrp1 Ϫ/Ϫ mice, and for other Hoechst dye concentrations. Gates for antibody staining were set using isotype controls, so that less than 1% of cells were positive for isotype antibody staining. SP analysis of skeletal muscle myoblasts was carried out as described (7) except that 0.1% collagenase was used for dissociation of myoblast and 3.5 g/ml Hoechst was used for SP staining. After Hoechst staining, cells were spun down and stained with FITC-conjugated anti-CD45.2 (clone 104, PharMingen) for flow cytometry analysis.
Competitive Repopulation Assay. Wild-type bone marrow cells from age-matched B6.SJL-Ptprc a Pep3 b ͞BoyJ (CD45.1) mice were mixed in varying ratios with Bcrp1 Ϫ/Ϫ (CD45.2) bone marrow cells (either bulk or sorted SP cells) and injected into lethally irradiated (11 Gy) C57BL͞6J recipient mice via lateral tail vein. Peripheral blood was collected at various intervals after transplantation to analyze relative contribution from each donor by using FITC-conjugated anti-CD45.2, phycoer ythrinconjugated Thy1.2 (30-H12), B220 (RA3-6B2), and APCconjugated Gr-1 (RB6-8C5) and Mac-1(M1͞70) antibodies (all from PharMingen) by flow cytometry.
For mitoxantrone treatment, transplanted mice were divided into 2 groups; one group treated with mitoxantrone (Sigma) and the other group left untreated as control. Mitoxantrone was injected i.p. once a day for 5 consecutive days, at 1 mg/kg for the first round of treatment and 2 mg/kg for the second round of treatment. At various time points after the treatment, blood samples were collected and analyzed for CD45.1͞45.2 chimerism by flow cytometry as described above.
Results

Generation of Bcrp1 Null Mutant
Mice. Both human ABCG2 and the mouse Bcrp1 gene contain 16 exons. Exon 3 encodes the putative Walker A motif, which is essential for ATP hydrolysis and transport function of the molecule (10, 18) . The Bcrp1 gene was disrupted in murine ES cells by replacing exons 3 and 4 with a neomycin cassette via homologous recombination (Fig. 1a) . In addition to the exonic deletions, this design results in a frame shift and premature translational stop at codon 71. The disruption of Bcrp1 locus was confirmed in heterozygous and homozygous mice by Southern blot analysis of tail DNA (Fig. 1b) . Western blot analysis of kidney and liver protein extracts confirmed that there was no detectable Bcrp1 protein in Bcrp1 Ϫ/Ϫ mice (Fig. 1c) .
Pooled data from heterozygote crosses showed a normal Mendellian ratio with 20% Bcrp1 used 3 different Hoechst dye concentrations (2.5, 3.5, and 4.5 g/ml) to measure SP numbers through a range of dye efflux stringencies. In wild-type mice, the proportion of SP cells increased as the Hoechst concentration decreased (a representative experiment is shown in Fig. 2) , presumably reflecting the inclusion of cells with lesser degrees of transporter activity into the SP region at lower dye concentrations.
At every concentration of Hoechst tested, Bcrp1
mice had fewer SP cells than were seen in the bone marrow of wild-type mice (Fig. 2) . At 4.5 g/ml of Hoechst dye, essentially no SP cells were seen in Bcrp1 Ϫ/Ϫ mice, whereas wild-type mice contained 0.02% Ϯ 0.01 SP cells (n ϭ 3) in the total bone marrow cell population. When the concentration of Hoechst was decreased to 3.5 or 2.5 g/ml, SP cells in Bcrp1 Ϫ/Ϫ samples could be detected but were still significantly less in number than that seen in wild-type samples (0.01% Ϯ 0.01 versus 0.05% Ϯ 0.02, P ϭ 0.02 for 3.5 g/ml; 0.09% Ϯ 0.08 versus 0.24% Ϯ 0.17, P ϭ 0.03 for 2.5 g/ml). At these lower Hoechst concentrations, SP cells from Bcrp1 Ϫ/Ϫ samples appeared only in the upper ''shoulder'' region of the SP gate. There remained a relative paucity of cells at the ''distal tip'' of the SP region, an area corresponding to the highest degree of Hoechst efflux function and that has been shown to contain the greatest concentration of repopulating stem cells (4) . Together, these results suggest that the subpopulation of SP cells that are true stem cells may have been selectively depleted in Bcrp 1 Ϫ/Ϫ mice.
SP stem cells have been described in the skeletal muscle, and are comprised of mixtures of resident CD45 ϩ hematopoietic cells, and CD45 Ϫ cells of presumed skeletal muscle origin (7, 8) . To determine whether the skeletal muscle SP cells were also decreased in the Bcrp1 Ϫ/Ϫ mice, skeletal muscle cell preparations were stained with anti-CD45 antibody, and the CD45 Ϫ fraction was gated and analyzed for SP cells (Fig. 3) . A large reduction in SP cells was found in these CD45 Ϫ skeletal muscle cells (1.95% vs. 0.16%, average of two experiments). This result shows that skeletal muscle SP cells, like bone marrow SP cells, are relatively dependent on Bcrp1 expression. Although SP cells are highly enriched for HSC activity, they are not a pure stem cell population and contain a significant number of differentiated and committed cells (5) . Therefore, one explanation for the persistence of SP cells in the bone marrow of Bcrp1 Ϫ/Ϫ mice, seen at lower Hoechst concentrations in the shoulder region, is that more mature cells expressing alternate Hoechst dye transporters could thus appear as SP cells under these less stringent conditions. To evaluate this possibility, we examined whether bone marrow SP cells from Bcrp1 Ϫ/Ϫ mice did in fact contain decreased numbers of HSCs defined by independent phenotypic markers. Gated SP cells from both Bcrp1 Ϫ/Ϫ and wild-type mice were analyzed for expression of c-Kit ϩ , Sca-1 ϩ , and a variety of mature lineage markers to identify the previously described c-Kit ϩ Sca-1
In wild-type mice, the majority of SP cells identified with 2.5 g/ml of Hoechst were negative for mature lineage-specific markers, and the majority of these gated lineage negative cells were c-Kit ϩ (Fig. 4) . In contrast, the residual SP cells in Bcrp1 (Fig. 5a ). In contrast, the gated K Ϫ/Ϫ mice were isolated by cell sorting (Fig. 6) , mixed with 2.5 ϫ 10 5 bulk bone marrow cells from wild-type mice (CD45.1 ϩ ), and then infused into lethally irradiated mice in a competitive transplant assay. Four weeks after the transplantation, the myeloid reconstitution seen with wild-type SP cells was significantly higher than that seen with Bcrp1 Ϫ/Ϫ SP cells (Fig. 6c) . Significantly lower levels of lymphoid reconstitution were also seen with Bcrp1 Normal Steady-State Hematopoiesis in Bcrp1 ؊/؊ Mice. The expression of Bcrp1 in bone marrow HSCs, along with our prior demonstration that overexpression of ABCG2 caused a defect in hematopoietic development (10) , led us to investigate whether Bcrp1 Ϫ/Ϫ mice had any alterations in hematopoiesis. We found The same analysis was performed on wild-type mice (Upper) and Mdr1a͞1b knockout mice (Lower). Gating and cell percentages were done as described above. no abnormalities in the peripheral blood leukocyte count, hematocrit, and the number of myeloid progenitors in the bone marrow of Bcrp1 Ϫ/Ϫ mice (data not shown). Immunophenotyping studies in the bone marrow, spleen, and thymus showed normal distributions of myeloid and lymphoid cells. Competitive repopulation assays to compare the overall stem cell activity in Bcrp1 Ϫ/Ϫ versus Bcrp1 ϩ/ϩ mice showed no differences in stem cell activity in the bulk bone marrow populations (data not shown). Although Bcrp1͞ABCG2 is expressed at relatively high level on natural killer (NK 1.1 ϩ ) (mouse) or CD56 ϩ (human) NK cells (10, 11) , no difference in NK cell activity was noted between Bcrp1 Ϫ/Ϫ and wild-type splenocytes using NK-sensitive YAC-1 tumor cells as target in a chromium release cytotoxicity assay (data not shown). These results demonstrate that steady state hematopoiesis is functionally normal in Bcrp1 Ϫ/Ϫ mice, and that they contain a normal overall number of HSCs in the bone marrow, a result consistent with the overall normal number of
Bcrp1 Expression Confers Relative Hematopoietic Protection from
Mitoxantrone-Induced Toxicity. Because Bcrp1 effluxes several different chemotherapeutic drugs such as topotecan and mitoxantrone (20), we next examined whether Bcrp1 expression played a role in protecting early hematopoietic cells from these drugs. Recipient mice from the competitive repopulation studies were treated with mitoxantrone, and the relative sensitivity of the wild-type versus the Bcrp1 Ϫ/Ϫ graft was measured by assaying for shifts in peripheral blood chimerism. It is important to note that the transplant recipients were wild type in all other somatic tissues, so there should be no pharmacokinetic alterations in drug metabolism because Bcrp1 expression was normal in the liver, kidney, and intestine (21) .
The mice were first treated with 1 mg/kg mitoxantrone for 5 consecutive days. Five weeks after this first treatment course, there was a modest decrease in Bcrp1 Ϫ/Ϫ cells in both the peripheral blood myeloid and lymphoid compartments (Fig. 7) . We then performed a second round of treatment with 2 mg/kg mitoxantrone. Six weeks after this second treatment, there was substantial decrease in the number of Bcrp1 Ϫ/Ϫ cells. In a subsequent repeat experiment, transplanted mice were initially treated with 2 mg/kg of mitoxantrone for 5 consecutive days. Three weeks after the treatment, the number of Bcrp1 Ϫ/Ϫ myeloid and lymphoid cells again showed significant decreases from 69.4% Ϯ 5.8% to 1.9% Ϯ 1.3%, and from 78% Ϯ 5.7% to 55.4% Ϯ 8.6% respectively (n ϭ 5). Some mice were also treated with 150 mg/kg 5-fluorouracil (5-FU) to test whether the sensitivity was a substrate specific effect. Six weeks after the treatment, there was no difference in the chimerism between the 5-FU treated and nontreated group, ruling out an indirect effect of Bcrp1 on HSC or progenitor regeneration (data not shown). These results demonstrate that endogenous Bcrp1 expression protects hematopoietic cells from the toxic effects of mitoxantrone, and suggests a general detoxifying function in SP stem cells that could also apply to other genotoxic substrates.
Discussion
In previous studies, we have shown that retroviral vectors expressing either MDR1 or the human ortholog of Bcrp1 (ABCG2) directly conferred the SP phenotype in transduced bone marrow cells (10, 15) . Furthermore, both Bcrp1 and Mdr1a͞1b mRNAs were expressed in purified murine bone marrow SP cells (10) . This raises the question of the relative roles of these transporters in the SP phenotype. We have also shown that Mdr1a͞1b Ϫ/Ϫ mice contain normal numbers of SP cells in the bone marrow (10) , demonstrating that expression of Mdr1a͞1b is not required for the SP phenotype. All these data were consistent with the possibility that both Bcrp1 and Mdr1a͞1b could be providing a redundant function in the SP phenotype. If this were true, the loss of expression of either transporter alone would not disrupt the SP phenotype.
The results reported here show that loss of Bcrp1 expression led to a significant defect in the SP compartment in murine bone marrow and skeletal muscle cells. We found significantly reduced numbers of SP cells in whole bone marrow populations from Bcrp1 mice by both phenotypic and functional assays. These results show that Bcrp1 expression is required for HSCs to display the SP phenotype, but that with the loss of Bcrp1, these stem cells are maintained and simply appear outside the SP region.
The requirement of Bcrp1 expression for the SP phenotype in HSCs shows that Mdr1a͞1b gene expression was not sufficient for compensation regarding this phenotype. At first, this may seem in conflict with previous reports showing that Mdr1 mRNAs are expressed in stem cell populations (10) (11) (12) (13) (14) , and that the Mdr1 gene products can efflux Hoechst dye (15) . This potential discrepancy could be explained if the level of Mdr1 gene expression in HSCs were insufficient to efflux Hoechst dye, but still sufficient for Rhodamine efflux. In support of this possibility, we have shown that the MDR1-encoded transporter has a much lower affinity for Hoechst dye than the ABCG2 transporter. In fibroblast cell lines engineered to express either MDR1 or ABCG2 using the same vector and promoter, Hoechst efflux activity was significantly lower with MDR1 than with ABCG2, despite high levels of Rhodamine efflux activity seen with the MDR1 line (see Fig. 8 , which is published as supporting information on the PNAS web site, www.pnas.org). Similarly, enforced expression of a MDR1 retroviral vector in murine bone marrow cells in vitro only increased SP cells to 3.6% of the total population (15) , whereas an equivalent experiment with the ABCG2 vector gave 62.5% SP cells (10) . Although there is clearly no redundant Hoechst efflux function in HSCs from Bcrp1 Ϫ/Ϫ mice, our current study does not rule out redundancy in other possible transporter related functions. For instance, it is still possible that both Mdr1a͞1b and Bcrp1 could modulate a common potential substrate that could be required for baseline hematopoiesis.
The conserved expression of Bcrp1 in stem cells from various sources does in fact suggest a necessary function in stem cell biology. A functional effect was also suggested by the developmental block seen when Bcrp1 expression was enforced in hematopoietic cells in transplanted mice (10) . Although we thought a developmental defect might be detected after Bcrp1 deletion, we in fact found no defects in steady state hematopoiesis. This finding suggests that the defect seen in the overexpression studies resulted from a deleterious gain of function, presumably in maturing cells where endogenous Bcrp1 is not normally expressed.
Given the lack of a defect in steady state hematopoiesis, the question still remains why Bcrp1 expression is widely present in a variety of stem cells, and is sharply down-regulated with hematopoietic maturation (10) . One possibility is that Bcrp1 expression in stem cells could be required to respond to specific challenges or hematopoietic stress. We hypothesized that Bcrp1 expression could protect stem cells from genetic damage because of naturally occurring xenobiotics that are substrates for this transporter, and chose mitoxantrone to test this hypothesis. Our results clearly demonstrated that mitoxantrone selectively killed Bcrp1 Ϫ/Ϫ hematopoietic cells at a dose that did not affect wild-type hematopoietic cells. Given the fact that many of the Bcrp1 substrates are derived from naturally occurring genotoxic xenobiotics, this result suggests that a physiological function of Bcrp1 in stem cells could be to provide protection from naturally occurring toxic substrates. This would seem particularly important for hematopoietic stem cells, given their potential lifelong residence in the bone marrow, and their tremendous proliferative potential over this time span.
